Abstract A fine physical map of the rice (Oryza sativa spp. Japonica var. Nipponbare) chromosome 5 with bacterial artificial chromosome (BAC) and PI-derived artificial chromosome (PAC) clones was constructed through integration of 280 sequenced BAC/PAC clones and 232 sequence tagged site/expressed sequence tag markers with the use of fingerprinted contig data of the Nipponbare genome. This map consists of five contigs covering 99% of the estimated chromosome size (30.08 Mb). The four physical gaps were estimated at 30 and 20 kb for gaps 1-3 and gap 4, respectively. We have submitted 42.2-Mb sequences with 29.8 Mb of nonoverlapping sequences to public databases. BAC clones corresponding to telomere and centromere regions were confirmed by BAC-fluorescence in situ hybridization (FISH) on a pachytene chromosome. The genetically centromeric region at 54.6 cM was covered by a minimum tiling path spanning 2.1 Mb with no physical gaps. The precise position of the centromere was revealed by using three overlapping BAC/PACs for $150 kb. In addition, FISH results revealed uneven chromatin condensation around the centromeric region at the pachytene stage. This map is of use for positional cloning and further characterization of the rice functional genomics.
Introduction
Rice (Oryza sativa) is the staple food for more than half of the world's population. It has the smallest genome size, 430 Mb, among the cereal crops. While grass genomes differ markedly in the amount of total DNA, they share a common set of genes. The grass genomes-wheat, rye, barley, maize, sorghum, millet, and rice-have high synteny over large blocks of the chromosomes (Gale and Devos 1998) . Sequence analysis of the rice genome provides the basis for plant biology research as well as plant biotechnology. The sequencing work of O. sativa japonica var. Nipponbare was completed under the effort of the International Rice Genome Sequence Project (IRGSP; Sasaki and Burr 2000) . This consortium uses a whole-genome clone-based sequencing (CBS) approach, with each chromosome allocated to individual countries, including Japan, China, Taiwan, India, Korea, France, and the USA. Other rice sequencing efforts were conducted by either private sectors, including both CBS by Monsanto (Barry 2001) and whole-genome shot-gun sequencing (WGS) by Syngenta (Goff et al. 2002) , or by the Beijing Genomics Institute of the Chinese Academy of Sciences with the WGS approach sequencing the indica rice cultivar ''93-11'' (Yu et al. 2002) .
The whole-genome CBS approach requires a comprehensive physical map of the entire Japonica rice var. Nipponbare genome. So far, physically mapping of large complex genomes, including rice (Chen et al. 2002) , sorghum (Sorghum bicolor; Klein et al. 2000) , human and Arabidopsis thaliana (Marra et al. 1997 (Marra et al. , 1999 Mozo et al. 1999 ) have been carried out using approaches based on bacterial artificial chromosome (BAC) fingerprinting, iterative hybridization, and sequence tag connectors (which uses BAC-end sequences for connecting BAC clones by sequence identity). The physical maps of individual rice chromosome 4 and chromosomes 1, 2, 6-9 have been reported (Zhao et al. 2002; Wu et al. 2003) . Fosmid library (www.genome.arizona.edu/orders) and 10-kb libraries have also been applied to finish rice sequencing in the closure of clone gaps (Yang et al. 2003) .
Here we constructed an integrated sequence-ready rice physical map of chromosome 5 using one PI-derived artificial chromosome (PAC) library and one BAC library from the Rice Genome Research Program (RGP), two BAC libraries from the Clemson University Genome Institute (CUGI), one BAC library of Monsanto, and one 40-kb-insert fosmid library from the Arizona Genomics Institute (AGI). The physical map was used to facilitate the rice genome sequencing consortium by providing a minimum tiling path of chromosome 5. BAC clones corresponding to telomere and centromere regions were confirmed by BAC-fluorescence in situ hybridization (FISH) on pachytene chromosome spreads. There were no physical gaps in the centromeric regions spanning 2.1 Mb at the 54.6-cM region. The centromeric core was composed of three overlapping BAC/PACs. The size of four physical gaps was estimated, and all were smaller than 100 kb on FISH analysis. In conclusion, this work produced a 99% coverage physical map for the 30.08-Mb rice chromosome 5.
Materials and methods

BAC and PAC libraries
Bacterial artificial chromosome and PAC libraries were constructed in two academic centers (RGP and CUGI) and one private company (Monsanto, St Louis, USA; Baba et al. 2000; Barry 2001; Chen et al. 2002) . The RGP PAC and BAC libraries were constructed from rice genomic DNA partially digested with Sau3AI and MbpoI as 71,040 and 48,960 clones, respectively (Wu et al. 2003) . Two CUGI BAC libraries were constructed from rice genomic DNA partially digested with HindIII and EcoRI as 36,864 and 55,296 clones, respectively.
The CUGI BAC libraries also have end sequences of each clone and constructed 73,728 BAC clones in a fingerprinting contig (FPC) map. The Monsanto BAC library was constructed from rice genomic DNA digested with HindIII, and 3,391 clones were physically mapped and contained draft sequence data (Barry 2001;  www.rice-research.org).
Map construction
Five databases were downloaded to our local computer. The rice marker-sequence database contained 11,593 STS/EST markers (Wu et al. 2003 PCR screening involved the use of the three-step PCR screening method (Wu et al. 2002) . A total of 232 STS/EST markers were used to screen the RGP PAC/ BAC libraries. The screened clones were digested with HindIII and the fingerprinting data were analyzed with Image V. 3.0 (http://www.sanger.ac.uk/Software/Image/) and FPC V. 6.0 (http://www.sanger.ac.uk/Software/fpc/).
The physical map was constructed using three different BAC/PAC libraries and related resources. First, we used BLAST software to search the STS/EST database and determine the markers present in each Monsanto BAC clone. The Monsanto BAC draft sequences were assembled with the use of Sequencher software and revealed the overlapping regions between nearby BACs. The Monsanto BAC clones were mapped onto the physical map of rice chromosome 5 on the basis of the STS/EST markers in each clone.
Second, we used a three-step PCR screening method to screen RGP BAC/PAC libraries. Pair primers were designed from STS/EST markers by RGP that can specifically amplify one target fragment in the rice chromosome 5. Each screened BAC/PAC clone was end sequenced with the use of an ABI 3700 (Applied Biosystems Corporation, Foster City, CA, USA), digested with HindIII, and separated on gel electrophoresis, and the gel images were scanned using a phosphorimager scanner (Typhoon, Amersham Biosciences Corporation, Piscataway, NJ, USA). The gel images were analyzed and assembled with Image and FPC softwares. We selected minimal overlapping clones, and the largest BAC/PAC clones were mapped onto the physical map of rice chromosome 5.
Third, we used the CUGI FPC map and BAC endsequence database to fill and extend the gaps. We used the Sequencher software to assemble the CUGI BAC end sequences with BAC draft sequences mapped on the physical map. The CUGI FPC map was integrated into the physical map. The minimal overlapping clones or the clones filling the gaps were selected to construct a physical map containing the minimum tiling path clones covering the rice chromosome 5.
Finally, we used PCR screening to fill the gaps. The draft sequences of BAC clone nearby gaps were used to search an IRGSP draft sequence database of the 12 rice chromosomes. The repeat regions were escaped to allow for designing the primer pairs for screening the RGP BAC/PAC libraries by the use of PCR screening method. Screened BAC/PAC clones were end sequenced. The overlapping BACs draft sequences were determined with nearby gaps.
Screening of the fosmid library
A 40-kb-insert rice fosmid library was obtained from AGI. To obtain the extension clones from the physical gaps, the fosmid library was screened with the use of probes derived from both north and south ends of these gaps. The procedures of hybridization of the high-density filter followed the standard protocol obtained from AGI. An iterative process of anchoring and orienting physical map clusters to the previous map was employed using fosmid end-sequence information.
Fluorescence in situ hybridization
The rice pachytene chromosome spreads on slides were prepared and the FISH procedures performed according to Cheng et al. (2001) with modifications (Kao et al. unpublished data). The pair of clones flanking physical gaps was labeled by biotin or DIG by nick translation (Roche Diagnostics, Switzerland). The probe mixture contained 50% deionized formamide, 2· SSC, 10% dextran sulfate, 50-100 ng labeled probe for each target, and 20 lg salmon sperm sheared DNA as suppressive DNA. Hybridization was in a moist chamber overnight at 37°C. Biotin-and DIG-labeled probes were detected by fluorescein isothiocyanate (FITC)-conjugated avidin (Vector Laboratories, Burlingame, CA) and rhodamineconjugated anti-DIG antibody (Roche Diagnostics), respectively. Chromosomes were counterstained with 4¢,6-diamidino-2-phenylindole in an antifade solution (Vector Laboratories). Chromosome preparations were photographed under a Zeiss Axioplan fluorescence microscope with a CCD camera (CoolSanp-fx, Photometrics, Tucson, AZ). Images were combined and pseudocolored with the use of Image-Pro Plus software (V5.0.2.9, MediaCybenetics Inc., San Diego, CA). Measurements were made on digital images using the same software, and final image adjustment involved use of Adobe Photoshop 6.0.
Results and discussion
Construction of a physical map of rice chromosome 5
We first screened the 203 Monsanto BACs against the RGP sequence tagged site/expressed sequence tag (STS/ EST) marker database to determine the markers on each individual BAC and locate each Monsanto BAC on the yeast artificial chromosome (YAC)-based physical map of rice chromosome 5. The screened BACs containing the same or nearby markers were assembled, and overlapping regions were estimated. The minimum tiling path contained 88 BAC clones covering about 30% of the physical map.
Further construction of the physical map was carried out by three-step PCR screening of the RGP BACs/ PACs with 232 STS/EST markers. A total of 612 clones, including 598 PACs and 14 BACs, were obtained. A FPC map of the screened clones was constructed to study the physical relations of each clones in the same contigs and to estimate the size of individual clones. In the minimum tiling path, 66 PACs and 6 BACs were mapped onto the physical map of chromosome 5.
In addition, the assigned chromosome 5 contigs according to the CUGI FPC map were screened with the RGP STS/EST markers, and the largest target contigs were mapped to a YAC-based physical map of rice chromosome 5. Further mapping was carried out by BLAST with the end sequences of CUGI BACs against the Monsanto BAC sequences to estimate the overlapping regions. The screened CUGI BACs were subcloned, and 96 clones were randomly sequenced. These sequences were assembled with those of nearby Monsanto BACs and RGP BAC/PAC clones. Thus, 114 BAC clones were selected in the minimum tiling path, and the coverage of the physical map of chromosome 5 was increased to 95.6%.
In this effort, we found that the order of three genetic markers C1388, E10322, and R448 (54.6 cM) was misidentified in the genetic map. Originally, this region was mapped with two YAC clones, Y1776 and Y4516 (Saji et al. 2001) . Comparing the phase II sequence of P0522C01 (mapped with C288 marker at 54.3 cM) with CUGI end sequence, we found that it was overlapped with the end sequence of OSJNBa0018H09 (mapped with R488 marker at 54.6 cM). This region includes BAC clones of P0018C06, P0014F09, P0479C09, P0048F12, P0690B12, OSJNBa0055E23, P0692E03, and OSJNBa0018H09. Furthermore, the phase II sequence of BAC clone P0018C06 was overlapped with the end sequence of OSJNBa0050A24, and it gave rise to a contiguous sequence in the north end of the pericentromeric region (Fig. S1 ). In addition, all the genetic markers and EST markers have been checked according to the sequence data and were realigned on the physical map.
Filling physical gaps of rice chromosome 5 by screening RGP BAC/PAC clones Eight contigs resulted in seven physical gaps, including four YAC physical gaps. The end sequences of the BACs near the physical gaps and the telomeres were used for designing the primer pairs. Two RGP BAC/PAC libraries were screened with the use of these primers and three-step PCR, which resulted in tentative clones of 50 BACs/PACs. These clones were end sequenced and size determined on pulse-field gel electrophoresis. Assembly of the end sequences with the original sequences resulted in five BACs mapped onto the physical map of chromosome 5. As a result, one physical gap at the 49.4-cM region was filled by a single BAC clone, B1402B06, and three physical gaps at the 38.3-, 47.2-, and 87.4-cM regions were extended with four BACs. Together with three other physical gaps, at 64.1, 103.1, and 110.7 cM, six physical gaps remained at this stage.
Screening of the fosmid library
By use of the end sequences of both north and south clones of six physical gaps as probes, several fosmid clones were anchored onto the chromosome 5 (Fig. 1) . Some of the clones anchored inwards without further extension. OSJNBa0076M01 and OSJNBa0023G10 extended out from the north and south ends of the physical gap at 38.3-cM region, with an overlap of 9 kb and thus filled this gap. OSJNOa0153K02 extended out from the south end of the physical gap at 64.1-cM region with a 7.8 kb extension. OSJNOa0158O07 had a 14.5 kb extension from the north end of the physical gap at 47.2-cM region. OSJNOa0048I04 extended out from the north end of the physical gap at 103.1-cM region, with an 8 kb overlap of OSJNBa0086B08 from CUGI, which replaced the original mapped Monsanto clone OJ1123_F01. OSJNOa0014E02 extruded from the south end of the last physical gap with a 14 kb extension. Thus, two physical gaps were filled by screening of the fosmid library and of the end sequences of CUGI BAC library, and this leads to 99% coverage of the entire chromosome 5 (Fig. 2) . Another CUGI BAC clone, OSJNBb0098I11, was anchored onto the north end of contig 5-1 with a 9 kb extension. Thus, the minimum tiling path of chromosome 5 is 280 BACs/PACs and six fosmid clones (Fig. S1) . To validate the contig relationship of the physical gap, we conducted cytological analysis with BAC clones within the assigned contigs. Contig 5-1 was the CUGI contigs 41 and 42; contig 5-2 harbors the CUGI contigs 43-46; contig 5-3 contained the CUGI contig 47; contig 5-4 was the CUGI contig 49; and contig 5-5 was the CUGI contig 50 (Table 1) . Two clones mapped to the distal regions close to the telomeres of both short and long arms were used as probes in FISH analysis (Fig. 3a) . P0036D10, the clone most close to the telomere of short arm in contig 5-1, and OSJNBa0035I01, the clone most close to the telomere of long arm in contig 5-5, together with Cent O, a rice centromerespecific satellite DNA sequence (Dong et al. 1998) , and OJ1212_D12, a specific clone on chromosome 5 (at 60.7 cM), were used as probes for FISH to show their physical locations on rice chromosome 5. P0036D10 and OSJNBa0035I01 mapped to the distal regions close to the telomeres of the short and long arms, respectively. The telomere of long arm has a much strong signal, which suggests that this region almost hit the telomeric region of the long arm of chromosome 5 that contains a high copy number of rice telomeric repeats of Os48 sequences (Wu et al. 1991 ; Fig. 3a) . In addition, all four physical gaps were localized on FISH. The north and south clones of each individual gap were labeled with either digoxigenin (DIG)-dUTP or biotindUTP as probes and detected with the use of rhodamine (red)-conjugated anti-DIG antibody or FITC (green)-conjugated avidin, respectively. FISH images at the pachytene stage revealed that both south and north clones of each gap were close to each other (Fig. 3b-e) . The gap size was estimated according to the FISH Fig. 3 BAC-FISH analysis of a rice pachytene chromosome 5. a FISH analysis of P0036D10 and OSJNBa0035I01 (both are red signals) revealed that they are near the short and long arms of telomeres, respectively. The centromere of chromosome 5 was detected by a rice centromere-specific satellite DNA pRCS2 (green signal). OJ1212D12 is a chromosome 5-specific clone (red signal) that serves as a control. The entire chromosome was counter stained with 4,6-diamidino-2-phenylindole. b-e FISH analysis of four physical gaps. BAC/PAC clones at the north end of the four physical gaps are OSJNBb0012L23, OSJNBa0009L15, OSJNBb0042J17, and OJ1345B12 (red signals), and those at the south end are B1003C08, P0530H10, B1110B01, and P0554F08 (green signals). Bar in panel a represents for 10 lm signals derived from BAC pairs on pachytene chromosomes ranging from 20±2 kb (for gap 4) to 30±5 kb (for gaps 1-3; Table 1 ). A total of 180 kb of gap sequences was estimated, including the gap size of the four physical gaps, together with an estimated 20 kb for the telomere gap at the short arm and 50 kb for the telomere gap at the long arm. Combining the length of total gap sequences and the submitted nonoverlapping sequence of 29.8 Mb, it leads to a size of 30.08 Mb for the rice chromosome 5 (i.e. 99% coverage).
The centromeric region
Analysis of the nucleotide sequence of one of the centromeric core clones, P0697B04, revealed a large cluster of Cent O rice centromere-specific satellite repeat DNA . The Cent O (RCS2) repeats are highly specific to the centromere of rice chromosomes (Dong et al. 1998) . The FISH signals derived from the three clones P0697B04, OSJNBa0008E07, and P0587F01 spanning for 261 kb (Fig. 4a) in the centromeric core region overlapped at the centromere at the pachytene stage (Fig. 4b) . There are three consecutive clones in the centromere region, including OSJNBa0008E07, P0697B04, and P0587F01 (Fig. S2) (Fig. S2) . Concomitantly, the Cent O sequence in the rice chromosome 5 of Nipponbare is estimated to be 154.4±36.02 kb .
This revealed the precise genetic position of the centromere on chromosome 5. The centromere position on chromosome 5 has been previously mapped to between RFLP markers R413 and R3069 at the 54.3-54.6 cM region (Harushima et al. 1998; Nonomura and Kurata 2001) . The BAC clones OSJNBa0018H09 and B1023E01 flanking the centromere were used as probes to physically localize both ends of the range spanning 54.6 cM. With the FISH signals derived from pRCS2 as a reference of the centromere, OSJNBa0018H09 was located on the short arm of chromosome 5 and B1023E01 on the long arm (Fig. 5) . The FISH signals at the pachytene stage showed that pRCS2 was localized at 34.48% of the total chromosomal length, OSJNBa0018H09 at 30.56%, and P0697B04 at 37.27%. Sequencing data revealed that the physical distance between OSJNBa0018H09 and P0697B04 spanned 1.13 Mb, which accounts for 3.91% of the physical length of chromosome 5, and that of B1023E01 and P0697B04 spanned 1.19 Mb, which accounts for 2.8% of the length. These results revealed uneven condensation at the pericentromeric region on chromosome 5.
In conclusion, here we present a fine physical map of rice chromosome 5. In addition, we provide two major results regarding the chromosome 5 centromere region. First, the centromere position was revealed using three overlapping BAC/PACs, and second, uneven chromatin condensation was observed in two pericentromeric regions (the region between OSJNBa0018H09 and P0697B04/pRCS2, and the region between P0697B04/ pRCS2 and B1023E01). This map is of use for determining the minimal tiling path for sequencing and for positional cloning and further characterization of rice functional genomics. Fig. 5 FISH analysis of the centromeric region at 54.6 cM. OSJNBa0018H09 and B1023E01 (red signals) are clones at the north and south ends of the 54.6 cM centromeric region, respectively. The RCS2 (green signal) represents the centromeric region. The physical distance between OSJNBa0018H09 and RCS2 is 1.19 Mb and that between RCS2 and B1023E01 is 1.13 Mb. The cytological distances of the north and south pericentromeric regions appear great. Bar represents for 10 lm
